Infection of the central nervous system (CNS) in humans by various DNA and RNA viruses can represent a severe health problem. Acute viral infections of the CNS frequently result in the destruction of specific neural cell populations as a direct consequence of virus multiplication or as a result of the host's antiviral immune response (23, 26). Many viruses, however, adopt a noncytolytic strategy of multiplication and can escape from the host immune surveillance by use of a plethora of mechanisms that may result in long-term persistent infections of the CNS. Despite the absence of overt signs of pathology such as cell lysis and inflammation, these infections can lead to severe alterations in neuronal function (45, 46) manifested by cognitive and behavioral impairment (20, 30, 39, 60) . This, in turn, has led to the hypothesis that viruses may contribute to a variety of CNS disorders whose etiologies remain unknown (40, 44) .
Infection of the central nervous system (CNS) in humans by various DNA and RNA viruses can represent a severe health problem. Acute viral infections of the CNS frequently result in the destruction of specific neural cell populations as a direct consequence of virus multiplication or as a result of the host's antiviral immune response (23, 26) . Many viruses, however, adopt a noncytolytic strategy of multiplication and can escape from the host immune surveillance by use of a plethora of mechanisms that may result in long-term persistent infections of the CNS. Despite the absence of overt signs of pathology such as cell lysis and inflammation, these infections can lead to severe alterations in neuronal function (45, 46) manifested by cognitive and behavioral impairment (20, 30, 39, 60) . This, in turn, has led to the hypothesis that viruses may contribute to a variety of CNS disorders whose etiologies remain unknown (40, 44) .
The prototypic arenavirus lymphocytic choriomeningitis virus (LCMV) provides an important model system for the investigation of the mechanisms and consequences of viral persistence in the CNS (8, 16, 18, 42, 43) . Furthermore, increasing evidence indicates that LCMV might be a neglected human pathogen of clinical significance (3, 4, 64) . LCMV has a noncytolytic strategy of multiplication, which enables the virus to persist both in vivo and in cultured cells. Neonatal infection of mice with LCMV leads to the establishment of a life-long persistent infection (LCMV-Pi). Brains of LCMV-Pi mice contain high virus load primarily in neurons in the neocortex, limbic system, and certain hypothalamic regions (19, 53) . Neither inflammation nor cytolysis occurs within the brain parenchyma of LCMV-Pi mice. However, as adults LCMV-Pi mice exhibit an impaired learning ability and a reduced tendency to explore a novel environment (20, 25) . Since cognitive defects occur in the absence of overt signs of pathology, we hypothesized that chronic virus infection might contribute to neuronal dysfunction by altering the host's gene expression profile. Accordingly, previous studies have shown altered levels of acetylcholine enzymes (46) as well as neurotransmitter mRNAs (31) in LCMV-infected mice. Moreover, we have documented that LCMV persistence causes a specific reduction in expression of the growth-associated protein 43 (GAP-43), a well-established marker of neuroplasticity (5) in hippocampus (15) . LCMV persistent infection reduced GAP-43 mRNA levels by affecting both the rate of GAP-43 transcription and the posttranscriptional stabilization of GAP-43 mRNA (10) .
In the present study, we aimed at the identification of additional host genes whose expression is changed in the CNS of mice persistently infected with LCMV. To recreate the natural route of congenital viral CNS infection (2), we established a model involving vertical transmission of LCMV from infected mothers to offspring (LCMV-cgPi). Despite high viral loads in neurons of the brains of adult LCMV-cgPi mice, our DNA array-based CNS gene expression profiling revealed remarkably subtle changes in the host's gene expression. The majority of genes with altered expression corresponded to interferon (IFN)-stimulated genes (ISGs), including some that are known to play a crucial role in antiviral defense but that have also been implicated in adverse effects on neuronal function. The chronic induction of these ISGs may be critical for the host's ability to contain viral infection and may also contribute to LCMV-cgPi-induced functional impairment of the CNS.
MATERIALS AND METHODS
Animals. Female C57BL/6 mice were obtained from the rodent breeding colony at The Scripps Research Institute (La Jolla, CA) and were bred and maintained under specific pathogen-free conditions. For the establishment of a colony of mice persistently infected with LCMV, neonatal mice were inoculated intraperitoneally with serum-free Dulbecco's modified Eagle's medium containing 500 PFU of a plaque-purified Armstrong strain of LCMV (ARM53b). Mice that were persistently infected with LCMV, as determined by the presence of infectious virus in serum, were selected as breeders to establish a persistently infected colony. Prior to being used in experiments mice were verified to be persistently infected based on containing Ͼ4 logs of LCMV in their serum. Handling of mice and experimental procedures were conducted in accordance with the National Institute of Health guidelines for animal care and use and approved by the IACUC at the Scripps Research Institute.
Antibodies. Polyclonal guinea pig antibody to LCMV has been described previously (9) . Polyclonal rabbit antibody to glial acidic fibrillary protein (GFAP) and monoclonal antibody to NeuN were from Chemicon (Temecula, CA); rhodamine X-conjugated antibody to guinea pig immunoglobulin G (IgG), fluorescein isothiocyanate (FITC)-conjugated antibody to mouse IgG, and FITC-conjugated antibody to rabbit IgG were from Jackson ImmunoResearch (West Grove, PA).
Virus, virus purification, and virus quantification. LCMV ARM53b is a tripleplaque-purified isolate of ARM CA 1371 (17) . Seed stocks of ARM53b were prepared by growth in BHK-21 cells as described previously (17) . Virus titers in serum and tissue were determined by plaque assays of Vero cells as described previously (15) . For the analysis of viral RNA by Northern blot hybridization, tissue samples obtained from LCMV-cgPi mice and controls were homogenized in TRIreagent (Molecular Research Center, Inc., Cincinnati, OH). RNA was extracted according to the supplier's protocol and resuspended in Formazol (Nuclear Research Center, Inc.). RNA samples were analyzed by Northern blotting (12) .
Detection of viral antigen by immunohistochemistry. Brains from adult LCMV-cgPi and uninfected age-and sex-matched C57BL/6 mouse controls were collected, embedded in Tissue-Tek O.C.T. compound (Miles Diagnostic Division, Elkhardt, IN), and frozen on dry ice. Sections (6 m) were cut, placed onto Fisher Superfrost Plus microscopic slides, dried, and fixed in 4% (wt/vol) paraformaldehyde in phosphate-buffered saline. Guinea pig anti-LCMV antibody (1:500), mouse monoclonal antibody anti-NeuN (1:200), and rabbit polyclonal antibody to GFAP (1:500) were incubated at room temperature for 1 h. As secondary antibodies, anti-guinea pig IgG conjugated to rhodamine X and antimouse or anti-rabbit IgG conjugated to FITC were used in a dilution of 1:100. Images were obtained using a Zeiss Axiovert S100 microscope (Carl Zeiss Inc. Thornwood, NY) fitted with a 5ϫ objective, an AxioCam digital camera, and an automated stage. For digital image acquisition and processing, an Axiovision software package (Zeiss) and Adobe Photoshop were used. For a quantitative assessment of LCMV infection in specific neuronal populations, sets of three consecutive sagittal brain sections (6 m) obtained from three different depths of the brain hemispheres were subjected to double staining with antibody to LCMV and an antibody against the neuronal marker NeuN. Two-color registered images were captured from four visual fields per section using a 20ϫ objective, 490 and 570 nm excitation, and a narrow band-pass filter. The total number of NeuNpositive cells per visual field was determined, and the total number of LCMV antigen-positive cells was scored. Percentages of infected NeuN-positive cells were calculated from the averages of four visual fields obtained from three sections at three different depths of brain hemispheres.
For light microscopy, immunohistochemical staining for LCMV with diaminobenzidine as a chromogen was performed as described previously (6), using guinea pig anti-LCMV antibody in a dilution of 1:1,000 and horseradish peroxidase-conjugated anti-guinea pig IgG as a secondary antibody. Sections were counter-stained with Mayer's hematoxylin and eosin (H&E) stain (Sigma). Nonconditional, spatial discrimination task. LCMV-cgPi and age-and sexmatched control mice (n ϭ 10/group) were subjected to a nonconditional, spatial discrimination task (7, 20) . This test is based on measuring the ability of the mice to learn a Y-maze employing spatial discrimination to avoid the onset of a mild foot shock (0.43 mA). LCMV-cgPi and control mice were trained in five trials per day for 6 days. Errors were defined as entries into the wrong arm of the Y-maze or reentering the start compartment before or after the onset of shock. Both LCMV-cgPi and mock-infected control mice exhibited similar foot-shock thresholds; therefore, the reduced ability of LCMV-Pi mice to learn was not due to different sensitivities to the mild foot shock used to motivate performance.
DNA array analysis. Total RNA was isolated from brain tissue by use of TRIreagent. DNA array analysis was performed at the DNA array core facility of the Scripps Research Institute as described previously (11) . Briefly, 5 g of total RNA from each sample was subjected to reverse transcription (RT) using a oligo(dT) primer containing a T7 promoter site (Genset, La Jolla, CA) and a cDNA synthesis kit (InVitrogen, San Diego, CA). The resulting double-stranded cDNA was in vitro transcribed into biotin-labeled cRNA by use of biotin-11-CTP and biotin-16-UTP (ENZO, Farmingdale, NY). After purification (RNeasy spin column; QIAGEN), 20 g of labeled cRNA was fragmented by mild alkaline treatment and hybridized to 430 2.0 and U74Av2 Affymetrix murine genomic chips (Santa Clara, CA) according to the manufacturer's instructions. After washing and reacting with streptavidin-phycoerythrin (Molecular Probes, Eugene, OR), hybridization signals were acquired using an Affymetrix laser scanner and the corresponding gene expression software provided by Affymetrix.
For data analysis, user-defined parameters were set to ensure confidence for detection of a transcript (defined as present) or its absence (http://www .affymetrix.com/products/. [Statistical algorithms reference guide]). For each experiment, four samples (two for each experimental group) were analyzed. Raw data were displayed in a Microsoft Excel worksheet; absent transcripts were excluded. For the detection of transcripts whose signals were significantly different between LCMV-cgPi and control samples, we considered only changes that were 1.41-fold or greater for total brain RNA and 3-fold or greater for the pooled hippocampus RNA samples. The data were combined from two independent experiments, and we considered changes that passed a statistical analysis with a Student's t test to ascertain significance at a P value of Ͻ0.01.
RNA analysis by RT-PCR. Total RNA was isolated from brain tissue by using TRIreagent. Before the RT, contaminant DNA was removed by using a DNAfree kit (Ambion, Austin, TX). The RT reaction was performed using 5 g RNA with SuperScript II and random hexamer primers (both from Invitrogen). The PCR was done by using Taq polymerase and the specific primer sets displayed in Table 1 . The mRNA of the control housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified as described previously (56 
RESULTS
Characterization of vertically maintained LCMV persistence in mice. Mice persistently infected with LCMV at birth via intracranial injection develop a life-long chronic infection (LCMV-Pi) in the absence of noticeable clinical symptoms (8) . However, LCMV-Pi mice exhibit specific behavioral and learning deficits that are associated with defined neurochemical disturbances and altered CNS gene expression during adulthood (15, 20, 25, 31) . Studies using the LCMV-Pi model have shed light on a variety of questions related to viral persistence and associated disorders as well as on the feasibility and benefits of immunocytotherapy to treat chronic viral infections (43) . This model, however, has the limitation of not recreating accurately the natural route of transmission for the majority of congenital, either pre-or postnatal, CNS infections in humans; such infections involve vertical transmission from infected mothers to the fetus or neonate (1, 2).
As vertical transmission plays an important role in arenavirus ecology, we reasoned that LCMV could provide us also with a valuable model system for the study of the consequences of congenital infections by noncytolytic persistent viruses. For this purpose, we established an LCMV persistently infected mouse colony where the virus is maintained via vertical transmission from infected mothers to offspring (LCMV-cgPi) instead of by intercranial inoculation at birth (LCMV-Pi). At 6 months of age, LCMV-cgPi mice and (sex-and age-matched) controls had similar gross appearances, body weights, and blood glucose levels, indicating no overt clinical abnormalities. Adult LCMV-cgPi mice had virus serum titers of 10 4 to 10 5 PFU/ml and 10 4 to 10 5 PFU per gram of tissue in liver and brain ( Fig. 1A) . High levels of viral S RNA and nucleoprotein (NP) mRNA were detected in the brain of LCMV-cgPi mice (Fig. 1B) , indicating significant levels of viral replication and gene expression. Examination of H&E-stained brain sections from LCMV-cgPi mice failed to revealed anatomic abnormalities, significant changes in normal astroglia appearance, or the presence of immune cell infiltrates (data not shown). Hence, our LCMV-cgPi model represents a vertically maintained persistent infection in the absence of overt clinical signs or pathology.
Next, we examined virus distribution in the brain of adult LCMV-cgPi mice. For this, we used immunofluorescence procedures with anti-LCMV hyperimmune guinea pig serum and a monoclonal antibody against the neuronal marker NeuN. We detected LCMV antigen throughout the brain, with a high abundance in neocortex, hippocampus, and cerebellum ( Fig. 2 ) and, at lesser levels, in the brain stem, thalamus, and basal ganglia (data not shown). Within the brain parenchyma, the virus was primarily confined to neurons, and infection of astrocytes was negligible, as determined by the lack of detection of LCMV antigen in cells expressing the astrocytic marker GFAP (data not shown). In contrast to the infection patterns described for LCMV-Pi mice generated by LCMV intracranial inoculation at birth (19, 53) , we detected significant amounts of LCMV antigen in cells of tissues lining the brain parenchyma, such as the meninges, the choroid plexus, and the ventricle walls (Fig. 2) .
Congenital CNS infections of humans with a number of viruses show a wide range of clinical and pathophysiological manifestations due to variation in the exact time point of infection, route of entry, and amount of pathogen involved in CNS invasion of the fetus (2). To address possible variability in the pattern of infection in the brain of LCMV-cgPi mice, we examined the distribution of viral antigen in a group (n ϭ 7) of 6-month-old LCMV-cgPi mice with comparable serum viral loads. For this, sets of consecutive sagittal brain sections obtained from different depths of the brain were coimmunostained for LCMV antigen and NeuN. The extent of infection of a given neuronal population ( Table 2) was assessed by determination of the percentage of LCMV antigen-positive cells normalized to the total number of NeuN-positive cells as described in Materials and Methods. The majority of mice (6 out of 7) showed high viral loads in neurons throughout the brain parenchyma as well as the meninges, choroid plexus, and ventricle walls. However, one mouse (mouse 4) showed limited infection of the brain parenchyma but high viral load in tissues lining the CNS. Notably, we observed significant variability in the extent and distribution of viral antigen expression within the hippocampus formation (Table 2) . Three mice (mice 1 to 3) showed similar high viral loads in the granule cells of the dentate gyrus and the pyramidal cells of the CA1, CA2, and CA3 regions of the hippocampus as well as in the cortex and cerebellum and within the brain parenchyma. In contrast, three other mice (mice 5 to 7) exhibited significant region-specific differences in viral load. Together, these data indicated a significant degree of variability in the pattern of neuronal infection of virus in LCMV-cgPi mice, a situation reminiscent of human congenital CNS infection. We did not detect viral antigen in astrocytes, but some mice displayed a slight increase in the number of GFAP-positive astrocytes in the neocortex but RNA was isolated from brain tissue of LCMV-cgPi and mock-infected control mice (6 months old). RNA (equal amounts of each sample) was analyzed by Northern blot hybridization using a DNA probe to LCMV nucleoprotein (NP) that recognizes the S genome RNA (replication) and the NP mRNA (transcription). Samples from three independent mice are shown.
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KUNZ ET AL. J. VIROL. not in the hippocampus or cerebellum ( Table 2 ). The limited number of GFAP-positive astrocytes present in the brains of LCMV-cgPi mice is consistent with the absence of reactive astrogliosis as defined by the presence of GFAP-positive hypertrophic astrocytes and the overall normal aspect of the astroglia in routine H&E stains. Behavioral assessment of LCMV-cgPi mice. Mice persistently infected with LCMV as neonates exhibit impaired learn-FIG. 2. Virus distribution in the brain of LCMV-cgPi mice. Viral antigen in whole-brain sections of 6-month-old LCMV-cgPi mice was detected by immunofluorescence staining performed using frozen brain sections and hyperimmune guinea pig serum to LCMV and a rhodamine red X-labeled secondary antibody (red). Neurons were labeled with an antibody to NeuN and a FITC-labeled secondary antibody (green). a and b, hippocampus; c and d, dentate gyrus; e and f, C1 region; g and h, meninges; i to l, cerebral cortex; m to p, cerebellum. a Immunohistochemical examination of LCMV-cgPi mice. Six-month-old female LCMV-cgPi mice (n ϭ 7) were examined by immunohistochemistry (Fig 2) . Virus loads in neurons of the hippocampus dentate gyrus (DG) and regions CA1, CA2, and CA3 as well as the cortex and cerebellum were determined as described in Materials and Methods and are indicated as follows: ϩϩϩ, Ͼ30% infected neurons; ϩϩ, 10% to 30% infected neurons; ϩ, Ͻ10% infected neurons; Ϫ, no detectable infection. All mice exhibited significant infection of meninges, choroid plexus, and cells of the ventricle walls. The immunohistochemical analysis of brain sections of mouse 2 is shown in Fig. 2 . Some mice showed mild increases in the numbers of GFAP-positive astrocytes in the cerebral cortex but not in the hippocampus or cerebellum.
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on August 29, 2017 by guest http://jvi.asm.org/ ing abilities and a reduced tendency to explore a novel environment during their adult life (20, 25) . To investigate behavioral abnormalities associated with LCMV-cgPi mice we used a well-established nonconditional, spatial discrimination task (20) . This test represents a short-term memory task involving trial-independent memory processes and is based on measuring the ability of the animals to learn a Y-maze spatial discrimination to avoid the onset of a mild foot shock (0.43 mA). Groups of 10 (age-and sex-matched) LCMV-cgPi and control mice were trained in five trials per day for 6 days. The number of errors (defined as entries into the wrong arm of the Y-maze or reentering the start compartment before or after the onset of shock) made by the mice provided us with a measure of acquisition performance. Compared to mock-infected controls, LCMV-cgPi mice exhibited impaired discrimination avoidance learning, reflected in a significantly lower number of correct avoidance responses on experimental days 3 and 4 with P values of Ͻ0.01 and Ͻ0.05, respectively, using unpaired t tests (Fig. 3) . Following additional training sessions, FIG. 3 . Deficits in discriminated avoidance learning in LCMV-cgPi mice. Groups of 10 (age-and sex-matched) LCMV-cgPi mice (LCMV) and uninfected control mice (control) were trained in five trials per day for 6 days to choose the safe arm of a Y-shaped maze and hence to avoid a mild electric foot shock. The mean (Ϯ standard error of the mean) number of avoidance responses is shown. a Known host genes with altered expression in brains of LCMV-cgPi mice. Gene expression profiling was performed with total RNA isolated from brain hemispheres of LCMV-cgPi mice 1 and 2 ( Table 2 ) and two controls (mock 1 and 2) by use of the Affymetrix murine genome oligonucleotide DNA array 430 2.0. All four permutations of comparisons between the two LCMV-cgPi mice and the two control animals were made. Genes were identified using the Annotation Tool of the Database for Annotation, Visualization, and Integrated Discovery (DAVID). Displayed are the known host genes that showed consistent regulation of Ͼ1.4-fold. The signal ratios for each permutation and the P values of changes are indicated.
b MHCI, major histocompatibility complex class I.
LCMV-cgPi mice reached the same level of performance as the mock-infected control mice, suggesting retardation in acquisition of spatial discrimination in LCMV-cgPi mice. Gene expression profiling of brain tissue from LCMV-cgPi mice. Since the cognitive defects observed in LCMV-cgPi mice occurred in the absence of overt CNS pathology, we hypothesized that chronic virus infection may contribute to neuronal dysfunction by altering the host's gene expression profile. To test this hypothesis we evaluated the impact of persistent virus infection on host gene expression in the CNS by use of DNA array-based gene profiling. Since we observed significant variations in overall virus load and distribution in the LCMV-cgPi model (Table 2) , we performed gene expression profiling using total RNA isolated from brain hemispheres of two selected individual LCMV-cgPi mice (mouse 2 and mouse 3) ( Table 2) with similar patterns of CNS infection.
Comparison of all four permutations of LCMV-cgPi and control mouse datum sets revealed the consistent induction of 56 genes and reduction of 19 genes in all LCMV-cgPi versus control mice out of a total of 39,000 genes represented on the 430 2.0 array (for the complete gene list, see Table S1 in the supplemental material). Using the Database for Annotation, Visualization, and Integrated Discovery (DAVID; http://david .niaid.nih.gov), we identified 21 out of the 56 and 12 out of the 19 genes with expression levels that had increased and decreased, respectively, in LCMV-cgPi compared to control mice (Table 3) . Host genes with altered expression in LCMV-cgPi mice belonged to four main categories: those involved in (i) immune response, (ii) responses to external stimuli, (iii) signal transduction, and (iv) nucleotide metabolism (Fig. 4) . We also examined individual variations of the gene expression profile between mock-infected mice. This analysis revealed significant differences in a number of genes (see Table S2 in the supplemental material). However, when genes with differential expression results between mock-infected mice were annotated, they fell into a broad range of categories and were essentially nonoverlapping with the group of genes found regulated in LCMV-cgPi versus control mice (Fig. 4) . This finding underscores the specificity of changes in gene expression associated with LCMVcgPi. Moreover, our data indicate that the overall changes in host gene expression associated with LCMV-cgPi were very limited, affecting Ͻ0.2% of the 39,000 genes represented by the DNA assay. ISGs represented a major group among the genes with increased expression in LCMV-cgPi mice, suggesting that chronic activation of these genes may be involved in antiviral defense (Table 3) . Genes down-regulated in LCMV-cgPi mice comprised a more heterogenous group that includes structural genes and genes involved in metabolic functions (Table 3) .
Induction of a common set of IFN-regulated genes in total brain and hippocampus of LCMV-cgPi mice. Based on the role of the hippocampus in spatial-temporal learning and memory, we next addressed the impact of LCMV persistent infection on hippocampal gene expression. Hippocampus tissue from LCMV-cgPi and control mice was obtained by manual dissection (21) . This type of dissection provides tissue samples highly enriched in hippocampus material. However, because of variability between individual specimens, we used pools of 10 (ageand sex-matched) LCMV-cgPi mice and uninfected controls for each DNA array analysis of hippocampus tissue. For DNA array analysis, we used the less complex Affymetrix murine genomic DNA array U74Av2, which represents only a wellcharacterized subset of 12,000 messages, and considered only genes that exhibited a reproducible change in different experiments (n ϭ 2) of threefold or higher between LCMV-cgPi and control mice. With this more stringent criterion we found 26 and 5 genes with expression that had increased and decreased, respectively, in LCMV-cgPi mice compared to controls. As with our findings using total brain RNA, the majority (13) UBP43, and the glucocorticoid attenuated response genes GARG16 and GARG49. Several ISGs, including the ubiquitin-like protein ISG15, GARG39, and the IFN-regulated GTPases LRG47 and GTPI, appeared to be specifically induced in the hippocampus (Table 4) . The overall high loads of viral antigen detected in hippocampal neurons (Table 2 ) compared to the absence of detectable changes in the expression of neuron-specific genes was surprising. This finding might be due, at least in part, to the limited sensitivity of the screening assay. However, it was also possible that LCMV persistence interfered specifically with neuronal genes, whose expression is induced only in direct response to certain environmental stimuli, such as a learning task. To test for this latter possibility we examined the hippocampal gene expression profile in LCMV-cgPi and control mice with tissue material collected immediately after the mice were subjected to the Y-maze discriminated avoidance task. This analysis revealed 21 known genes with Ͼ3-fold-increased expression in LCMV-cgPi compared to control mice ( Table 5 ). Thirteen of these 21 genes were also up-regulated Ͼ3-fold in mice that were not exposed to the behavioral test. The regulation of only two genes was reduced Ͼ3-fold in hippocampal tissue of LCMV-cgPi collected immediately after the learning task. All ISGs induced in hippocampus of unchallenged LCMV-cgPi animals were also detected in the challenged group. Additional ISGs induced only in the challenged group were the IFNregulated GTPases IIGP and mGBP2.
To validate the changes in mRNA levels identified by DNA array studies, we used semi-quantitative RT-PCR to determine the expression levels of the candidate ISGs STAT1, IRF9, ISG15, UBP43, GARG49, GARG39, and GARG16 in hippocampus tissue. For each of the candidate genes a segment of 400 to 500 bp within the open reading frame was amplified using specific sets of primers. As a control, we amplified a 200-bp fragment of the housekeeping gene GAPDH. The linear range of template/PCR product ratios for each candidate gene was determined by performing PCR on serial dilutions of the corresponding RT reaction product (for details, see Materials and Methods). Consistent with the DNA array data (Table 4 and Table 5 ), we detected significantly higher levels of STAT1, IRF9, ISG15, UBP43, GARG49, and GARG16 mRNA in total hippocampus RNA from LCMV-cgPi mice than from mock-infected animals (Fig. 5) . However, we were unable to detect significant changes of GARG39 by RT-PCR, most probably due to its relatively weak induction and low signal intensity (Tables 4 and 5 ).
DISCUSSION
Congenitally acquired viral chronic infection of the CNS can frequently result in CNS abnormalities, including cognitive defects in the absence of overt pathology. We therefore hypothesized that viral persistence may contribute to neuronal dysfunction by altering the host's gene expression profile in the absence of cytolysis and inflammation. To test this hypothesis, we established a congenitally acquired LCMV persistent infection that recreates the natural route of viral transmission in its natural host, the mouse, and examined its impact on the host's CNS gene expression profile with DNA arrays. Our data show that congenital LCMV infection by vertical transmission (LCMV-cgPi) results in a lifelong persistent infection involving the CNS and that this condition is associated with impaired cognitive function and specific changes in CNS gene expression.
Previous studies aimed at examining the effect of LCMV persistence on CNS function were based on the use of intracranial inoculation of virus into the brain of neonate mice (LCMV-Pi). This model has been instrumental in addressing a a Known host genes with altered expression in hippocampal tissue of LCMV-cgPi mice. Hippocampus tissue was pooled from age-and sex-matched LCMV-cgPi mice (n ϭ 10) with virus titers of 10 4 to 10 5 PFU/ml and from control mice (Mock) (n ϭ 10), and total RNAs were isolated and used for gene profiling studies using Affymetrix murine genomic DNA array U74Av2. Genes were identified as described for Table 3 . Displayed are the known host genes that showed consistent regulation differences of Ͼ3-fold between LCMV-cgPi mice and controls. The mean fluorescence intensities for each probe set and the signal ratios with corresponding P values of changes are indicated.
b Fluorescence units (intensity). c MHCI, major histocompatibility complex class I; ␤-Gal, ␤-galactosidase.
variety of important questions, but it does not reflect the natural routes of transmission implicated in most congenital viral infections of the CNS, both pre-and postnatal, which involve vertical transmission from infected mothers to offspring (1, 2).
To overcome this limitation, we established the LCMV-cgPi model, which allows for vertical transmission of LCMV from infected mothers to offspring (LCMV-cgPi). This resulted in a lifelong persistent infection in the absence of signs of inflammation. Viral titers in serum and tissues of LCMV-cgPi mice were found to be comparable to those in LCMV-Pi mice. As reported for LCMV-Pi mice (19, 53) , the majority of LCMVcgPi mice had high viral loads in neurons throughout the brain, including the cerebral cortex, hippocampus, and cerebellum. Although within the brain parenchyma, virus was primarily confined to neurons in both models, LCMV-cgPi mice had high virus loads in cells of meninges, choroid plexus, and the linings of the ventricle walls, which are largely free of virus in LCMV-Pi mice. Furthermore, we observed significant variability in viral distribution in the brains of LCMV-cgPi mice with similar serum titers, a situation reminiscent of human congenital CNS infection by rubella virus, varicella-zoster virus, and LCMV, viruses for which the pattern and consequences of infection relate directly to the timing of maternal infection and subsequent invasion of fetal tissue (2). We and others have shown that LCMV-Pi mice exhibit impaired learning abilities and a reduced tendency to explore a novel environment (20, 25) . Using the same nonconditional spatial discrimination task previously applied to the LCMV-Pi model (20), we found similar defects in spatial and temporal learning in LCMV-cgPi mice. This suggests that the cognitive defects occur independently of the route and time of CNS infection.
Despite high viral loads in CNS neurons of LCMV-cgPi mice, our gene expression profiling studies revealed remarkably limited changes in the host's gene expression profile. Out of 39,000 host genes probed by our DNA array analysis only 56 and 19 genes showed significant induction and reduction, respectively, in LCMV-cgPi and control mice, corresponding to less than 0.2% of the host genome. Notably, the majority of the known genes with increased expression in LCMV-cgPi mice belonged to the group of ISGs and included members known to play important roles in the host's innate and adaptive immune responses that contribute to the control of virus multiplication and spread. In addition, chronic upregulation of ISGs may also contribute to altered CNS function.
Changes in acetylcholine enzymes, GAP-43, and neurotransmitters have been previously reported for LCMV-Pi, and LCMV-Pi and LCMV-cgPi mice exhibit similar behavioral deficiencies. Our cDNA array data did not detect changes in these genes. Several reasons could account for this apparent lack of consistency. Thus, in the case of GAP-43, previous work reported a decrease of less than 30% in levels of GAP-43 immunoreactivity within the hippocampus molecular layer of LCMV-Pi mice compared to control mouse results. Since GAP-43 is a presynaptic protein, its deficiency in the molecular layer of the hippocampus likely reflects altered GAP-43 transcription in entorhinal cortex and septal region neurons that originally produce GAP-43. This modest and localized reduc- a Known host genes whose expression is changed in the hippocampus of LCMV-cgPi mice exposed to an avoidance-learning test. Groups of 10 LCMV-cgPi mice with virus titers of 10 4 to 10 5 PFU/ml and 10 age-and sex-matched uninfected controls were subjected to the Y-maze discriminated avoidance task as described for Fig. 3 . After the last session on day 6, animals were immediately euthanized and hippocampus tissue was dissected. Hippocampus tissue was pooled, and total RNAs were isolated and used for gene profiling studies with Affymetrix murine genomic DNA array U74Av2. Genes were identified as described for Table 3 . Displayed are the known host genes that showed consistent regulation differences of Ͼ3-fold between LCMV-cgPi mice and controls. The mean fluorescence intensities for each probe set and the signal ratios with corresponding P values of changes are indicated.
b Fluorescence units (intensity). c MHCI, major histocompatibility complex class I.
tion in GAP-43 expression may have a significant impact in brain function, but it would be very difficult to detect via cDNA arrays. Likewise, only very modest changes have been reported for neurotransmitters and acetylcholine enzymes in LCMV-Pi compared to control mice, which could explain the difficulties in reliably detecting such alterations using cDNA arrays. Since the hippocampus is implicated in learning and memory, we performed DNA array analysis on dissected hippocampus tissue of LCMV-cgPi mice and uninfected controls. As with our findings for total brain, only a small fraction of host genes examined (Ͻ0.5%) showed altered expression in LCMV-cgPi mice; these genes again included a large proportion of IFN-regulated genes. Considering the high viral loads found in hippocampal neurons of the LCMV-cgPi mice examined, these remarkably few changes in the host's gene expression profile are rather surprising. The absence of changes in the expression of neuron-specific genes was unexpected, but it could be explained, at least in part, by the limited sensitivity of the screening assay. It is possible that only infected neurons would exhibit altered expression of specific neuronal genes, and histological analysis showed that generally Ͻ50% of hippocampus neurons are infected in LCMV-cgPi mice. Thus, using a cutoff of Ͼ3-fold changes, our gene expression profiling of hippocampus tissue would be expected to detect reliably only changes in the range of 6-fold, or higher, for host genes whose expression is specifically affected in LCMV-infected neurons, thereby limiting our detection of some potentially important genes with altered CNS expression in LCMV-cgPi mice. The paucity of detectable changes in neuronal gene expression could be due to other factors. It is plausible that LCMV persistence would interfere only with genes whose expression is induced in response to certain environmental stimuli, such as a learning task. However, DNA array analysis of hippocampus RNA isolated from mice immediately after they were subjected to the Y-maze testing revealed quantitative and qualitative changes in gene expression similar to those seen with mice that were not exposed to the behavioral test. Initial synaptic changes involved in memory formation do not require gene transcription (35, 36) , so it is conceivable that the learning deficits observed in LCMVcgPi mice may be due to a direct or indirect interference of the virus with the signal transduction events underlying these early steps of synaptic plasticity.
The most consistent changes in CNS gene expression in LCMV-cgPi mice involved genes implicated in type I alpha/ beta IFN (IFN␣/␤) response. Type I IFNs represent a first line of defense against virus infection by generating an intracellular environment that restricts viral replication and influences the magnitude and quality of the subsequent antimicrobial adaptive immune response (22, 55) . Type I IFNs induced in response to viral infections can function in an autocrine, paracrine, or endocrine fashion by binding to a common receptor (IFNAR). IFN␣/␤ binding to IFNAR activates receptor-associated JAK kinases, which phosphorylate the signal transducer and activator of transcription STAT1 and STAT2. Activated STAT1 and STAT2 associate with IFN regulatory factor 9 (IRF-9) to form ISG factor 3 (ISGF3), which translocates to the nucleus and activates gene transcription via the IFN-stim- FIG. 5 . Validation of changes in gene expression of selected candidate genes in LCMV-cgPi mice. Total RNA was isolated from hippocampus tissue, and contaminant DNA was removed. A reverse transcription (RT) reaction was performed using 5 g RNA and random hexamer primers, and specific PCR fragments were amplified using specific primers for the candidate genes indicated and the housekeeping gene GAPDH. For semiquantitative analysis the linear range of PCR product-template was determined by serial dilution of the RT products obtained with the mock-infected samples. To detect quantitative differences in mRNA concentration of the candidate genes between LCMV-cgPi and control samples, PCR was performed on identical RT product dilutions within the linear range of PCR product-template. Results for mock-infected controls and LCMV-cgPi animals either from the control group (control) or exposed to the Y-maze learning paradigm (Y-maze) are shown. A control reaction without RT (ϪRT) is indicated. ulated response element sequence present within the promoters of ISG. While a number of studies have established a role for type I IFNs in acute LCMV infection (24, 37, 41, 47, 58) , their role in persistent LCMV infection is less well known. Notably, levels of type I IFN-induced genes with antiviral activity like those coding for double-stranded RNA-activated kinase (PKR) and the Mx proteins, frequently induced in response to acute viral infection, were not elevated in the hippocampus of LCMV-cgPi mice. In contrast, we found longterm expression changes in a distinct subset of ISGs, including STAT1, IRF9, ISG15, UBP43, GARG49, and GARG16. The IFN-regulated transcription factors STAT1 and IRF9 are expressed at low levels in the normal CNS, but perhaps their expression can be induced under pathological conditions, including viral infection (27, 33, 48, 49, 63) . ISG15 is a small ubiquitin-like protein strongly induced upon IFN stimulation. ISG15 covalently modifies target proteins following activation by the E1 enzyme UBE1L5. Recent studies demonstrated the induction of ISG15 in the CNS and an increase in ISG15 conjugation (ISGylation) in brain proteins after acute LCMV infection (50) . The protease UBP43 is involved in removal of ISG15 from ISGylated proteins (32, 34, 57) , and evidence indicates that UBP43 plays a key role in the regulation of ISGylation (51) and innate immunity to viral infection (50) . Mice deficient in UBP43 were found to be resistant to lethal LCM or myeloencephalitis after intracerebral inoculation with LCMV or vesicular stomatitis virus, respectively. The protection against LCMV-induced lethal LCM in UBP43 (Ϫ/Ϫ) mice correlated with enhanced protein ISGylation and a concomitant reduction in viral replication. However, increased ISGylation may not be directly responsible for these findings (29) .
Interestingly, gene expression profiling in a monkey model of neuroAIDS revealed a strong, concomitant up-regulation of the IFN-regulated genes ISG15, STAT1, and IRF9, as with our LCMV-cgPi model (52) . However, while the induction of ISG15, STAT1, and IRF9 in our LCMV-cgPi model occurs in the absence of detectable signs of inflammation and adaptive immune response, the neuroAIDS model exhibits T-cell infiltration (62) .
The glucocorticoid attenuated response genes GARG16 (interferon-induced protein with tetratricopeptide repeats; IFIT-1), GARG39 (IFIT-2), and GARG49 (IFIT-3) define a highly conserved family of IFN-induced genes, which contain multiple tetratricopeptide domains (59) involved in protein-protein interactions. Up-regulation of GARG39 and GARG49 has been found in the CNS after infection with Sindbis virus, rabies virus, and Japanese encephalitis virus (27, 49, 54) , suggesting a role of these proteins in antiviral defense in the CNS.
Various neurological side effects have been found associated with the therapeutic use of IFN, including impaired learning and memory (13) , and type I IFNs interfere with hippocampal synaptic plasticity (14, 38) . In addition, STAT1-dependent signaling pathways have been shown to induce dendritic atrophy and perturb synaptogenesis and synaptic maturation in cultured hippocampus neurons (28, 61) . Our findings may reflect a balance between the host responses aimed at limiting virus replication while minimizing damage and functional impairment of infected neurons. Chronic regulation of specific genes of the IFN system likely contributes to curtail the effects of virus replication and gene expression in LCMV-cgPi mice and therefore provides the host with a certain degree of protection. However, since elevated levels of IFNs found in chronic inflammation and persistent viral infections in the CNS are frequently accompanied by behavioral side effects, the up-regulation of IFN-induced genes may act as a double-edged sword and contribute to CNS disturbances in the host.
